Antibody diversity is generated by a random gene recombination process with the inherent risk of the production of autoreactive specificities. The current view suggests that B cells expressing such specificities are negatively selected at an early developmental stage. Using the knock-in model system of the 3-83 autoreactive B-cell antigen receptor (BCR) in combination with precursor-BCR (pre-BCR) deficiency, we show here that the 3-83 BCR mediates efficient generation of B cells in the presence, but not the absence, of a strongly recognized auto-antigen. Experiments with mixed bone marrow chimeras showed that combining the 3-83 BCR with the corresponding auto-antigen resulted in efficient reconstitution of B-cell development in immune-deficient mice. These results suggest that B cells are positively selected by recognition of self-antigens during developmental stages that precede receptor editing. Moreover, the data indicate that the pre-BCR functions as a specialized autoreactive BCR to initiate positive selection at a stage where the cells express immunoglobulin heavy but not light chains.
Introduction
Antibody diversity is achieved by random recombination of immunoglobulin (Ig) variable (V), diversity (D) and joining (J) gene segments in developing B-cell precursors [1] . Antibodies are initially expressed as B-cell antigen receptors (BCRs) containing, in addition to the two identical heavy chains (HCs) and two identical light chains (LCs) of the antibody, the heterodimer Ig-a/Ig-b required for signaling [2] . BCR signaling is essential for the generation and selection of B cells, as the VDJ recombination process providing the basis for antibody diversity can also lead to the generation of B cells with self-reactive receptors [3] [4] [5] . Mechanisms such as receptor editing, which alters BCR specificity by secondary LC gene rearrangement, clonal deletion and anergy may operate to prevent the development of autoreactive B cells and the production of self-reactive antibodies [3, 6] . We have recently shown that the effects of polyreactive BCRs recognizing multiple self-antigens are similar to those of the precursor-(pre-) BCR,
SHORT COMMUNICATION
Ã These authors have contributed equally to this work.
Correspondence: Dr. Hassan Jumaa e-mail: jumaa@immunbio.mpg.de suggesting such receptors to be functionally equivalent. Consequently, both polyreactive BCRs and the pre-BCR induce autonomous signaling and expansion of B cell precursors in vitro [7] . The pre-BCR, in which the HC pairs with a surrogate LC consisting of the germ line-encoded subunits l5 and VpreB, plays an essential role in the positive selection and expansion of precursor-B (pre-B) cells that express an HC protein [8, 9] . Accordingly, a severe B-cell developmental block is observed in mice deficient for components of the surrogate LC [10, 11] . Recently, we found that even a singlepoint mutation removing a conserved N-linked glycosylation site in the C1 domain of mHC prevented pre-BCR formation and function [12] . These data suggested that binding of the surrogate LC to carbohydrates in the C1 domain of mHC is required as an initial step of autonomous pre-BCR function that allows precursor B cells to proceed in development. Moreover, our results offered a mechanistic explanation for pre-BCR autoreactivity by suggesting recognition and binding between neighboring pre-BCR molecules.
Here, we investigate the hypothesis that autoreactivity is critically required for the positive selection of precursor B cells in vivo and that the central role of the pre-BCR is the initiation of selection signals that can be replaced by signals from autoreactive BCRs.
Results and discussion
Rescue of the developmental block in pre-BCR-deficient mice Based on our observations on the functional similarity between pre-BCRs and self-reactive BCRs in vitro, we hypothesized that if the pre-BCR was a specialized autoreactive receptor, then expressing an autoreactive BCR should overcome the developmental block in pre-BCR-deficient mice. To test this, we crossed 3-83Igi mice, in which the HC (3-83Hi) and LC (3-83ki) variable gene segments of the autoreactive BCR 3-83 are knocked into the IgH and Igk loci respectively, with l5-deficient mice [6, 10, 13] 
Replacement of the pre-BCR by an autoreactive BCR
To further investigate the ability of autoreactive BCRs to drive early B-cell development, we injected HSCs from l5-deficient 3-83Hi/3-83ki mice into immune deficient Rag-2/gC À/À mice [17] . The cells were mixed in various proportions with WT HSCs to test the capacity of autoreactive B cells to compete with WT cells ( Fig. 2A ). Since the donor (l5-deficient or WT) mice had the same genetic background (H-2 d ), WT cells were tagged with green fluorescent protein (GFP) expressed from a transgene knocked into the mb1 locus [18] . On the H-2 d background, the 3-83Hi/3-83ki derived B cells represented a minority in the spleen and bone marrow of the reconstituted mice, whereas WT B cells were efficiently generated (Fig. 2B) . On the H-2 b background however, the 3-83Hi/3-83ki derived B cells slightly outnumbered WT B cells (Fig. 2C ). These results show that selfrecognition provides developing B cells with a strong advantage, overcoming pre-BCR deficiency and enabling the cells to efficiently compete with WT cells.
Autoreactivity is required for the efficient generation of B cells
The functional similarity between the pre-BCR and autoreactive BCRs suggests that pre-BCR expression provides immediate autoreactivity to all mHC-positive WT pre-B cells. In the above experiments, developing B cells expressing two different sources of autoreactivity competed with one another: B cells whose autoreactivity is provided by the pre-BCR (WT cells) and those whose autoreactivity is based on the 3-83Hi/3-83ki BCR with its cognate antigen. To assess the specific contribution of 3-83Hi/ 3-83ki BCR expression in the presence or absence of auto-antigen on B-cell development, we investigated the development of B cells expressing the 3-83Hi/3-83ki BCR in comparison to B cells expressing an unrelated non-autoreactive BCR. Thus, the 3-83Hi/ 3-83ki HSCs were mixed prior to injection with HSCs from mice expressing the 3-83ki LC together with the HC knock-in B1-8Hi to generate an unrelated BCR (B1-8Hi/3-83ki) [13] . The donor mice, 3-83Hi/3-83ki or B1-8Hi/3-83ki, were l5-deficient and since both were of the same genetic background (H-2 d ), the only difference between the injected cells is the HC of the BCR (Fig. 3A) . The HSC mixtures were injected into Rag-2/gC À/À mice having different backgrounds and B-cell development was analyzed 5 wk after injection. The results show that, on the H-2 d background lacking the auto-antigen, neither of the injected HSC populations was able to initiate efficient B-cell development (Fig. 3B) . This is most likely due to the l5-deficiency. On the H-2 b background, in contrast, elevated numbers of 3-83Hi/3-83ki B cells were detected suggesting that 3-83Hi/3-83ki B cells developed efficiently in the presence of the cognate auto-antigen (Fig. 3C) . Previous reports showed that autoreactive B cells develop mainly into marginal zone B cells [19] . However, analysis of CD21 and CD23 expression revealed that the majority of cells were follicular B cells, suggesting normal development of 3-83Hi/3-83ki B cells on the H-2 b background (Figs. 3D, S1B ). B1-8Hi/3-83ki/GFP B cells showed slightly improved development on the H-2 b background as compared with the H-2 d background where almost no GFP-positive cells could be detected (Fig. 3B and C) . It is not clear whether this effect was due to the different backgrounds or whether the efficient development of the 3-83Hi/3-83ki B cells on the H-2 b background might have improved the generation of the co-injected B1-8Hi/3-83ki B cells.
To rule out any effect of the mb1-GFP knock-in that we used to identify B1-8Hi/3-83ki B cells, we repeated the reconstitution experiments using mb1-GFP 3-83Igi mice and found no impact of the mb1-GFP knock-in (Fig. S2A-C) . Self-reactive B cells can change their specificity by receptor editing [20] . Thus, we analyzed the B-cell repertoire from mice of different backgrounds using the anti-idiotype 54.1 antibody and found that the majority of CD19 1 cells did not express the 3-83BCR, suggesting efficient receptor editing of self-reactive B cells on the H-2 b background (Fig. S2D) .
Together, the present data show that recognition of self-antigens at an early stage of development promotes positive selection and efficient generation of B cells. Thus, the pre-BCR appears to act as an invariantly autoreactive receptor [7, 14] , whose activity generates the required signals in developing B cells that express a mHC to continue development. Therefore, the association of any mHC protein with the inherently autoreactive germ line-encoded surrogate LC may enable B cells to develop properly. Although a contribution of the HC to the autoreactivity of a given pre-BCR is conceivable, this may argue against selection of particular HCs at the pro-/pre-B stages of development [21, 22] .
In the absence of pre-BCR expression, only those B cells that express an autoreactive BCR may receive the signals required for survival and further development [23] . In agreement with this, pre-BCR-deficient early B cells expressing the 3-83 BCR showed efficient B-cell development only on the H-2 b background containing the specific auto-antigen. Importantly, our data are in accordance with the previous work using autoreactive BCRs or antibody-mediated crosslinking of antigen receptor signaling subunits in pre-BCR-deficient mice [24, 25] . Expression of the autoreactive 3-83 BCR by conventional transgenes blocked B-cell development but did not result in extended expansion of autoreactive B cells in the bone marrow [6, 26] . Presumably, this was due to the fact that transgenic autoreactive BCRs were not expressed from their physiological loci and therefore could not be efficiently removed by the recombination machinery. Similarly, transgenic expression of the surrogate LC blocked B-cell development but did not lead to increased pre-B cell numbers in the transgenic animals [27] . In contrast, our approach using site-specific knock-ins for autoreactive BCRs leaves these regulatory mechanisms mostly unaffected and allows a better assessment of the role of selfrecognition in B cells. Thus, our data support a view in which self-reactive immature B cells do not undergo rapid apoptosis, at least as long as they have the ability to change their specificities by receptor editing.
Presumably, the signals generated by the pre-BCR or autoreactive BCRs initiate a series of cell divisions leading to a significant increase in cell number. However, although essential, these signals are most likely not sufficient for efficient generation of early B cells, as their survival and proliferation is also regulated by growth factors available in the microenvironment. For instance, IL-7 is essential for the generation of murine pre-B cells and the IL-7 receptor synergizes with the pre-BCR to activate pre-B cell cycling [28, 29] . This dual regulation of early B-cell generation might be important to prevent an uncontrolled proliferation of pre-B or autoreactive B cells, while allowing a certain magnitude of cell cycling, which is followed by the rearrangement of the LC genes. Thus, regulating the concentration of growth factors in the microenvironment or altering the responsiveness of developing B cells to these factors seems to control the switch from proliferation to differentiation (i.e. LC gene rearrangement) in response to pre-BCR or autoreactive BCR signaling. Conversely, combining autoreactive BCRs with elevated expression of growth factors such as IL-7 might lead to lymphoproliferative and/or autoimmune diseases as suggested by transgenic over-expression of IL-7 [30] . It would be interesting to test whether the BCRs of these immature B-cell lymphomas possess increased autoreactivity and whether this is involved in the increased lymphoproliferation. Altogether, understanding the positive role of autoreactivity in precursor B-cell proliferation not only highlights the importance of pre-BCR expression for early B-cell selection but might also help to explain the molecular mechanisms that underlie the development of autoimmune and lymphoproliferative diseases.
Concluding remarks
Our study demonstrates the importance of autoreactivity for proper B-cell development with the pre-BCR being an invariantly autoreactive receptor. In the presence of a strongly recognized antigen the self-reactivity of the pre-BCR can be substituted by an autoreactive BCR to allow efficient generation of B cells. Thus, it is conceivable that at the early immature B-cell stage, cells bearing an autoreactive BCR may continue to proliferate and to recombine their LCs just as their pre-B cell predecessors do. After having changed their autoreactive specificity by receptor editing, such BCRs may get stably expressed on the surface of immature B cells, which then proceed in development. Our results are reminiscent of a hypothesis published by Niels Jerne in the very first issue of this journal 40 years ago, in which he proposed the selection of escape mutants through the initial expansion and subsequent negative selection of progenitor cells expressing germ line encoded autoreactive receptors as a mechanism of somatic antibody diversification [31] .
Materials and methods

Mice
Mb1-lox-GFP mice [18] , l5 À/À mice [10] , 3-83Igi mice carrying the pre-rearranged 3-83Hi/33-83ki Ig gene segments [14] and mice carrying the B1-8Hi/3-83ki Ig gene segments [15] were used in this study. All mice used for the generation of HSCs were backcrossed on H-2 d background. Rag-2/lC À/À mice [17] , either on Balb/C or BL/6 background, were used as recipient mice for adoptive transfer experiments. 7-10 wk-old mice were injected with 300 mL of a 10 mg/mL 5-Fluor-Uracil stock solution (SigmaAldrich). After 3 days, HSCs were isolated from the bone marrow. 
Culture conditions
HSCs were grown in Iscove's medium (Biochrom) supplemented with 2% of heat inactivated FCS (PAN Biotech), 10 mM L-glutamine, 100 U/mL penicillin, 100 U/mL streptomycin (GIBCO), 50 mM 2-mercaptoethanol, 0.03% primatone (Sigma-Aldrich), 4.2 mg/mL insulin (Sigma-Aldrich), IL-6, IL-3 and c-kit-ligand.
Flow cytometry
The expression of H- 
Statistical analysis
Statistical analysis was performed with the GraphPad Prism 4 software using Student's t-test as the statistical hypothesis test.
